Atherosclerosis is a disease of large-and medium-sized arteries that is characterized by chronic vascular inflammation. While the role of Th1, Th2, and T-regulatory subsets in atherogenesis is established, the involvement of IL-17A-producing cells remains unclear.
A therosclerosis, a chronic inflammatory disease of largeand medium-sized arteries, continues to be the leading cause of cardiovascular disease and one of the most common causes of mortality worldwide. As a part of the adaptive immune response, T cells actively participate in regulating local and systemic inflammation during atherogenesis. While the respective roles of T helper 1 (Th1), T helper 2 (Th2), and T-regulatory (Treg) cells in atherosclerosis are well established, 1,2 the role of T helper 17 (Th17) cells has only recently come under consideration. 3, 4 Th17 cells represent a novel lineage of T cells that are characterized by IL-17A, IL-17F, IL-21, IL-22, and ROR␥t expression. 5, 6 Other cells including ␥␦ ϩ T cells, lymphoid tissue inducer (LTi) cells, and NK and NKT cells also produce IL-17A. 5 Under noninflamed conditions the expression of IL-17A is low; however, IL-17A is quickly induced following bacterial and fungal infections and promotes leu-kocyte recruitment to the site of inflammation through the production of chemokines and cytokines. 7, 8 In many inflammatory conditions, Th17 cells release not only IL-17A but also IL-17F. 9, 10 These cytokines can form IL-17A and IL-17F homodimers, as well as IL-17A/IL-17F heterodimers. 9, 10 The IL-17RA/IL-17RC complex serves as a receptor for IL-17A and IL-17F. 8 IL-17A-producing cells are major contributors to the immune response against several pathogens, as well as participants in autoimmune diseases such as multiple sclerosis, inflammatory bowel disease, and arthritis. 6, 7 In line with the involvement of IL-17-producing cells in the regulation of the immune response during acute and chronic inflammation, Th17 cells [11] [12] [13] [14] and IL-17 ϩ ␥␦ ϩ T cells 13 have recently been detected within human and mouse atherosclerotic vessels. Elevated plasma IL-17A was found in patients with coronary artery disease (CAD) in comparison with healthy controls, 11 and in the carotid plaques of symp-Original received November 29, 2011 ; revision received January 4, 2012; accepted January 25, 2012. In December 2011, the average time from submission to first decision for all original research papers submitted to Circulation Research was 14.29 days. tomatic patients undergoing endarterectomy. 15 Together, these results suggest an association between atherosclerosis and increased production of IL-17A in mice and humans.
Several studies have recently investigated the role of IL-17A in atherogenesis, but have yielded inconsistent results. Administration of rat IL-17A-neutralizing antibodies resulted in the reduction of Mac-2 ϩ M⌽, and CD3 ϩ T cells and the attenuation of aortic root lesions of Apoe Ϫ/Ϫ mice. 12, 16 Similarly, the blockade of IL-17A via an adenoviral soluble IL-17RA-construct led to decreased aortic and aortic root lesions, 13 suggesting a proatherogenic role for IL-17A. In contrast, in vivo administration of IL-17A reduced plaque burden within the aortic roots of Ldlr Ϫ/Ϫ mice. 14 Interestingly, the administration of rat anti-IL-17A Abs, but not mouse anti-IL-17 Abs reduced aortic root plaque development. 17 Recently, an intriguing phenotype was observed in IL-17A-deficient Apoe Ϫ/Ϫ (Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ ) mice that demonstrated no difference in plaque burden within the descending aorta or aortic roots of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice, but a decrease in aortic M⌽, CD11b ϩ CD11c ϩ cell, and T cell cellularity. 18 Thus the role of IL-17A in atherosclerosis is currently not well understood. The possibilities of sitespecific effects of the IL-17A/IL-17RA axis on atherogenesis, on the regulation of the aortic immune content, and the immune response within the aorta remain to be determined.
To investigate the involvement of IL-17A and IL-17RA in atherogenesis, we bred IL-17A-deficient and IL-17RAdeficient mice with Apoe Ϫ/Ϫ mice. Here we report that IL-17A and IL-17RA deficiency attenuates atherosclerosis by reducing the overall cellularity of aortas through decreased aortic chemokine-dependent monocyte and neutrophil homing to aortas. Importantly, we demonstrate that at the time point studied, deficiency of the IL-17A/IL-17RA axis preferentially affects atherosclerosis and leukocyte cellularity within the aortic arch, but not the thoracoabdominal aorta.
Methods
The Methods section is available in the Online Data Supplement.
Results

Deficiency of IL-17A and IL-17RA Reduces Atherosclerosis in Aortas of Apoe ؊/؊ Mice
To directly assess the role of the IL-17A/IL-17RA axis in atherosclerosis, we generated Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice. Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , and age-and diet-matched Apoe Ϫ/Ϫ mice showed no difference in body weight, total cholesterol, and triglyceride levels (data not shown). The aortas of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice fed a Western diet (WD) for 15 weeks developed 35% smaller aortic lesions in comparison with Apoe Ϫ/Ϫ mice ( Figure 1A ). We also examined the aortic arches ( Figure 1B ) and thoracoabdominal aortas ( Figure 1C ) of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice separately. Plaque development was diminished within the aortic arch ( Figure 1B ), but not in the thoracoabdominal aortas ( Figure 1C ) of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice. We also detected a 19% reduction in aortic root plaque burden within Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice in comparison with Apoe Ϫ/Ϫ mice ( Figure 1D ).
To further delineate the role of the IL-17A/IL-17RA axis in atherosclerosis, we examined atherogenesis in IL-17RAdeficient Apoe Ϫ/Ϫ mice. Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice developed 25% smaller lesions within whole aortas ( Figure 2A ) and aortic roots ( Figure 2D ) in comparison with Apoe Ϫ/Ϫ mice. IL-17RA deficiency resulted in reduced lesions within the aortic arch ( Figure 2B ), but not in the thoracoabdominal aortas ( Figure 2C ) of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice. We also assessed the cross-sectional area of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ aortic arch and thoracoabdominal aortic plaques. In agreement with the en face data, deficiency of IL-17RA yielded a 41% reduction in aortic arch lesions and had no effect on thoracoabdominal lesions ( Figure 3A ). Interestingly, aortic plaque burden throughout the aorta and within the aortic roots of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ mice fed a 20-week chow diet were not significantly altered (4.3%Ϯ0.2, 4.2%Ϯ0.2, and 4.7%Ϯ0.5, nϭ12-14 mice/per group, Pϭ0.3).
To further characterize the impact of the IL-17A/IL-17RA axis on lesion composition, we examined the collagen fiber content of the aortic arch and thoracoabdominal aortas of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice using picrosirius red staining. The immature, mature, and total collagen fiber content was similar between Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice ( Figure 3B and 3C). These results suggest that the IL-17A/IL-17RA pathway does not affect the maturation of aortic collagen after a 15-week WD regimen. To test the impact of the IL-17A/IL-17RA axis on aortic smooth muscle cell (SMC) content, we performed immunostaining for ␣-smooth muscle actin. The aortic arch and thoracoabdominal aortic SMC content of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice were similar (aortic arch: 1.02Ϯ0.02-fold Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ versus Apoe Ϫ/Ϫ , 1.00Ϯ0.03-fold Apoe Ϫ/Ϫ versus Apoe Ϫ/Ϫ , Pϭ0.80; thoracoabdominal aortas: 0.99Ϯ0.04-fold Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ versus Apoe Ϫ/Ϫ , 1.00Ϯ0.02-fold Apoe Ϫ/Ϫ versus Apoe Ϫ/Ϫ , Pϭ0.89), suggesting that IL-17A does not significantly affect total aortic SMC content. 
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Disruption of the IL-17A/IL-17RA Axis Decreases the Cellularity of Atherosclerotic Aortas
The development of atherosclerosis is accompanied by marked recruitment of leukocytes into the aortic wall. 19 As IL-17A supports the induction of epithelial 6, 20 and vascular [11] [12] [13] 21 chemokines, we assessed the effects of IL-17A/ IL-17RA on the cellularity and immune cell composition of the aorta during atherogenesis. We detected a 50% reduction in CD45 ϩ leukocytes and CD3 ϩ T cells within the whole aortas of 15-week WD-fed Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice in comparison with Apoe Ϫ/Ϫ mice ( Figure 4A ). Next, to determine if disruption of the IL-17A/IL-17RA axis alters the aortic T cell response, we examined Th1 and Th17 cells within the aortas of
While the relative percentage of IFN␥ ϩ cells was unaltered ( Figure 4C ), the overall number of Th1 cells was significantly diminished in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ aortas ( Figure 4D ). In agreement with these data, we detected a significant reduction in aortic Ifng, Il6, and Tnf␣ mRNA expression ( Figure 4B ). Interestingly, deficiency of IL-17RA in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice had no effect on the percentage ( Figure 4C ), total number of aortic IL-17A ϩ T cells ( Figure 4D ), or the percentage of IL-17A ϩ T cells within the spleen, peripheral lymph nodes, and blood (data not shown) in comparison with Apoe Ϫ/Ϫ mice.
To determine if the reduction of aortic leukocytes, like the reduction of plaques, occurred specifically in the aortic arch, we determined the total CD45 ϩ leukocyte cellularity of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortic segments. The number of CD45 ϩ leukocytes was significantly reduced in Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortic arches in comparison with Apoe Ϫ/Ϫ segments (1.5Ϯ0.1ϫ10 5 , 1.2Ϯ0.1ϫ10 5 Apoe Ϫ/Ϫ aortic arches ( Figure 4E and 4F). In contrast, we found no difference in the numbers of T cells isolated from the thoracoabdominal aortas of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice in comparison with Apoe Ϫ/Ϫ controls (1.5Ϯ0.2ϫ10 5 , 1.4Ϯ0.2ϫ10 5 , 1.3Ϯ0.1ϫ10 5 cells/thoracoabdominal aorta, respectively, Pϭ0.7, Figure 4E and 4F).
To further understand the role of IL-17A/IL-17RA in the regulation of aortic leukocyte numbers, we next examined the myeloid cell content of the aortas, PLNs, spleens, and blood of WD-fed Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ mice. CD45 ϩ CD11b ϩ cells were notably reduced in Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortas in comparison with Apoe Ϫ/Ϫ aortas (2.6Ϯ0.4ϫ10 5 , 2.3Ϯ0.4ϫ10 5 , and 4.1Ϯ0.8ϫ10 5 cells, respectively, PϽ0.05). To examine myeloid cell subsets, we performed staining for CD68 and the neutrophil/monocyte marker Gr-1, which recognizes the Ly6C and Ly6G sites. We found 3 major populations: CD68 ϩ Gr-1 Ϫ M⌽, CD68 -Gr-1 ϩ neutrophils, and a subset of CD68 ϩ Gr-1 ϩ leukocytes within the aortas ( Figure 5 ). To better characterize CD68 ϩ Gr-1 ϩ cells, we analyzed the expression of CCR1, L-selectin, and Ly6C. CD68 ϩ Gr1 ϩ cells were found to express CCR1, L-selectin, and intermediate levels of LyC6 (Online Figure I ). While the 2 major subsets of monocytes-proinflammatory (Ly-6C hi Gr1 ϩ CCR2 ϩ CX 3 CR1 low ) and patrolling (Ly-6C lo Gr1 -CCR2 Ϫ CX 3 CR1 hi ) monocytes-are well characterized, little is known about Ly6C interm cells. Our results suggest that Ly6C interm cells are CD68 ϩ Gr-1 ϩ with some features (L-selectin ϩ CCR2 ϩ ) of proinflammatory monocytes (Online Figure I) . Although the relative percentages of aortic M⌽ and neutrophils were unaltered between Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice ( Figure 5A ), we found a significant decrease in the number of aortic CD68 ϩ Gr-1 Ϫ M⌽, CD68 ϩ Gr-1 ϩ leukocytes and CD68 Ϫ Gr-1 ϩ neutrophils in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortas ( Figure  5B ). There was no difference in splenic or peripheral blood myeloid cell subsets in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice (unpublished data).
To determine if the IL-17A/IL-17RA dependent-reduction of M⌽ and neutrophils occurred predominantly in the aortic arch, we assessed the immune composition of aortic arches and thoracoabdominal aortas of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ mice by flow cytometry. We found distinct effects of IL-17A and IL-17RA deficiency on the myeloid cell content in the aortic arch, but not in the thoracoabdominal aortas of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice. While the relative percentages of M⌽ and neutrophils were unaltered ( Figure 5C ), the total number of aortic arch M⌽ and neutrophils were reduced by Ϸ44% in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice ( Figure 5D ). These findings further implicate the IL-17A/IL-17RA axis as a regulator of aortic myeloid cell content. Interestingly, despite the prevalent effects of IL-17RA deficiency within the aortic arch, the reduction of M⌽s in the aortic arch (Ϸ44%, Figure 5D ) was smaller in comparison with M⌽ reduction in the whole aorta (Ϸ63%, 
IL-17A/IL-17RA Supports TNF␣ and Aortic Chemokine Production Within the Aortic Arch of Apoe ؊/؊ Mice
As IL-17A induces the production of reactive oxygen species (ROS), 22 proinflammatory chemokines, and cytokines at sites of inflammation, including the vasculature, [11] [12] [13] 21 we hypothesized that IL-17A may potentially regulate the hom-ing of leukocytes to atherosclerotic aortas. In keeping with these findings, we evaluated aortic chemokine expression in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ mice ( Figure 6A ). Ccl2, Ccl20, Cx3cl1, Cxcl1, Cxcl12, Cxcl2, and Cxcl5 mRNA expression was reduced in WD-fed Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortas in comparison with Apoe Ϫ/Ϫ aortas ( Figure 6A) , indicating that the IL-17A/IL-17RA axis regulates the expression of several chemokines within the aorta. As CCL2 and CX3CL1 support monocyte migration, 23 and CXCL1, CXCL2, and CXCL5 participate in neutrophil recruitment into the aorta, 24 these data implicate the IL-17A/IL-17RA axis as a strong potential regulator of monocyte and neutrophil migration via aortic chemokine induction.
Monocytes express IL-17RA and IL-17RC and chemotactically migrate toward IL-17A both in vitro and in vivo models. 25, 26 We previously found that IL-17A supported monocyte adherence to explanted Apoe Ϫ/Ϫ aortas in an ex vivo adhesion assay. 13 To further determine the role of vascular IL-17RA in monocyte adhesion, we explanted whole aortas from WD-fed Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice and coincubated them with CFSE-labeled Apoe Ϫ/Ϫ monocytes in the presence or absence of IL-17A ( Figure 6B ) to assess the contribution of aortic IL-17RA to IL-17A/IL-17RA-dependent monocyte adherence. Consistent with our prior data, 13 IL-17A increased the adhesion of Apoe Ϫ/Ϫ monocytes to Apoe Ϫ/Ϫ aortas by 48Ϯ4% ( Figure 6B1 and 6B2 ). Cocultures of Apoe Ϫ/Ϫ monocytes and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ aortas resulted in a 13Ϯ5% (PϽ0.05) increase in adhesion in response to IL-17A ( Figure 6B3 and 6B4) . Thus as IL-17A-induced adhesion was significantly reduced when IL-17RA-deficient Apoe Ϫ/Ϫ aortas were used ( Figure 6B ), vascular IL-17RA likely supports monocyte adherence to the aortic lumen.
To further understand the potential effects of the IL-17A/ IL-17RA axis in leukocyte recruitment into the aorta, we next examined the expression of IL-17A, IL-17RA, and several chemokines within the aortic arch and thoracoabdominal aortas of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ or Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice. While IL-17RA mRNA was expressed throughout the aorta with no significant differences between the aortic arch and thoracoabdominal aorta ( Figure 7A ), IL-17A was preferentially detected within the aortic arch of Apoe Ϫ/Ϫ mice ( Figure 7B ). These data highlight the distinct arch-specific expression of IL-17A and suggest a reason for the preferential effects of IL-17A/IL-17RA deficiency on the aortic arch at this time point. Additionally, we detected elevated levels of TNF␣ and CXCL2 in Apoe Ϫ/Ϫ aortic arches in comparison to Apoe Ϫ/Ϫ thoracoabdominal aortas ( Figure 7C and D, respectively).
Next, we investigated the effects of IL-17A or IL-17RA deficiency on the expression of TNF␣ and several chemokines within the aortic arch and thoracoabdominal aorta. Deficiency of IL-17A or IL-17RA led to reduced TNF␣ protein expression in the aortic arch, without affecting the thoracoabdominal aorta, suggesting that the IL-17A/IL-17RA axis is a regulator of TNF␣ synthesis in atherosclerosis-prone sites of the aorta ( Figure 7C ). Deficiency of IL-17A or IL17RA also reduced Cxcl2 expression within the aortic arch in comparison with Apoe Ϫ/Ϫ mice ( Figure 7D ). In contrast, no difference in Cxcl2 expression was detected among Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ thoracoabdominal aortas ( Figure 7D ). Together, these data highlight an important role of the IL-17A/IL-17RA axis in the upregulation of TNF␣ and several chemokines within the aortic arch during atherogenesis. Interestingly, we also found that not all chemokines were regulated by the IL17A/IL-17RA axis exclusively in the aortic arch. Cxcl1 mRNA expression, but not CXCL1 protein expression, was attenuated in the aortic arches of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice in comparison with Apoe Ϫ/Ϫ mice ( Figure 7E ).
Recruitment of Neutrophils and Monocytes to Atherosclerotic Aortas Is Reduced in IL-17A-or IL-17RA-Deficient Apoe ؊/؊ Mice
To investigate the effects of the IL-17A/IL-17RA axis on in vivo monocyte and neutrophil homing into aortas, we per- formed short-term adoptive transfer experiments. CFSElabeled peripheral blood leukocytes were adoptively transferred into Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice to directly investigate the migration of monocytes and neutrophils in the recipients. To identify subsets of CD45 ϩ CFSE ϩ CD11b ϩ cells containing CD68 ϩ Gr-1 Ϫ monocytes, Gr-1 ϩ CD68 ϩ leukocytes, and Gr-1 ϩ CD68 Ϫ neutrophils, circulating blood was used to characterize myeloid cell populations and analyze the distribution of emigrating cells in the aortas ( Figure 8A) . Although the percentage of emigrated CFSE ϩ CD11b ϩ monocytes and neutrophils was unaltered between Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ aortas (Figure 8A) , the absolute number of CD45 ϩ CD11b ϩ CFSE ϩ CD68 ϩ Gr-1 Ϫ M⌽, Gr-1 ϩ CD68 Ϫ neutrophils, and Gr-1 ϩ CD68 ϩ leukocytes was significantly lower in the aortas of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ recipients ( Figure 8B) . Interestingly, while the absence of IL-17RA reduced monocyte and neutrophil homing into the aortas, it did not alter myeloid cell trafficking into the spleen and PLN (unpublished data). The number of circulating CFSE ϩ monocytes in the blood was unaltered between the recipients; however, the number of circulating CFSE ϩ Gr-1 ϩ CD68 Ϫ neutrophils and Gr-1 ϩ CD68 ϩ leukocytes were slightly decreased in Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ recipients (PϽ0.05, Figure 8B ). To assess the role of IL-17RA in the migration of myeloid cells to the aorta, we performed competitive homing experiments to examine the migration of IL-17RA-deficient and IL-17RA-sufficient monocytes and neutrophils to Apoe Ϫ/Ϫ aortas. We found no difference between the migra-tion of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ monocytes and neutrophils to the aortas of Apoe Ϫ/Ϫ recipients (unpublished data). Overall, these in vitro and in vivo results suggest that the IL-17A/IL-17RA axis plays a proinflammatory role during atherogenesis through the induction of aortic chemokines and the recruitment of neutrophils and monocytes to atherosclerotic plaques.
Discussion
The development and persistence of atherosclerosis depends on chronic inflammation mediated by both the innate and adaptive immune responses. Several recent publications have convincingly shown elevated levels of circulating and arterial Th17 and IL-17A ϩ T cells in atherosclerosis-prone Apoe Ϫ/Ϫ and Ldlr Ϫ/Ϫ mice and CAD patients. 3 Despite a clear correlation between elevated levels of IL-17A and atherosclerosis, to date, the functions of IL-17A-producing cells and IL-17A in atherosclerosis remain poorly defined. 12-14,16 -18,27 In this study, we sought to delineate the role of IL-17A ϩ cells and the IL-17A/IL-17RA pathway in atherosclerosis through the use of newly generated Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice. We previously reported a reduction in atherosclerotic plaques in soluble IL-17RA-blockaded Apoe Ϫ/Ϫ mice. 13 In the present study, we expanded our focus and investigated the impact of IL-17A or IL-17RA deficiency on atherogenesis. We found a significant decrease in the aortic lesions of WD, but not chow diet-fed Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice in comparison with Apoe Ϫ/Ϫ mice. To further dissect the roles of the IL-17A/IL-17RA axis, we examined several potential sites of atherogenesis including the aortic arch, thoracoabdominal aorta, and aortic roots of mice fed WD. IL-17A/IL-17RA deficiency had striking inhibiting effects on atherosclerotic plaque burden in the aortic arch, but only minor effects within the thoracoabdominal compartment. The observation that IL-17A exerts limited effects on the descending aorta is in line with the findings of Madhur et al that IL-17A-deficient Apoe Ϫ/Ϫ mice display slight nonsignificant reductions in thoracoabdominal aortic plaques in comparison with Apoe Ϫ/Ϫ controls. 18 There are several examples of the site-specific development and progression of atherosclerosis. 28 Deficiency of IL-4 within the bone marrow resulted in no change in aortic-root lesion area, despite reduced en face lesion areas. 29 The deficiency of p47 NADPH oxidase subunit in Apoe Ϫ/Ϫ mice reduced aortic atherosclerosis to a greater extent than the aortic root. 30 In the present study, we characterized the aortic arch-specific influence of the IL-17A/IL-17RA axis.
Histological examination of the aortic arch and thoracoabdominal aortic collagen content surprisingly revealed no differences between Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice at this time point. Interestingly, we also found no difference in SMC content between Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ mice, indicating that the IL-17A/IL-17RA axis does not significantly influence SMC proliferation and migration within the atherosclerotic aorta. While several recent studies have suggested that IL-17A may support SMC proliferation in vitro, 11, 31 Danzaki et al demonstrated elevated aortic root SMC content in 8-week WD-fed Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice. 32 Further examination of the effects of the IL-17A/IL-17RA axis on aortic SMC and endothelial cell functions are ultimately necessary.
One of the striking observations of this study was the differences in atherosclerotic lesions between the aortic arch and thoracoabdominal aorta of 15-week WD-fed mice. To assess the potential mechanisms for this phenomenon, we analyzed the expression of IL-17A and IL-17RA at these different anatomic sites of the aorta. IL-17RA was expressed ubiquitously in the aorta, whereas IL-17A expression was preferentially found within the aortic arch. Interestingly, we detected no difference in the expression of IL-17A in the TA and AA in 5-week-old Apoe Ϫ/Ϫ mice, indicating that the specific up-regulation of IL-17A does not occur in relatively healthy aortas. Altogether, our findings suggest that the aortic expression of IL-17A may depend on the stage of lesion development, which varies at different anatomic locations. The stage of lesion development also depends on the local inflammation that accompanies atherogenesis. Indeed, elevated expression of the proinflammatory cytokine TNF␣ and several chemokines that are involved in aortic leukocyte migration were preferentially detected in the aortic arches of 15-week WD-fed Apoe Ϫ/Ϫ mice. Further temporal studies will be required to determine if IL-17A-producing cells may be similarly recruited into thoracoabdominal aortas.
To date, the exact role of IL-17A ϩ cells in atherosclerosis is unclear because of conflicting results from neutralizing antibody and bone marrow transfer experiments. 12-14,16 -18,27 However, some of the discrepant results may be attributable to differences in the experimental design, diets, or other confounding factors. In addition, most of these studies have examined aortic root atherosclerosis, but only a few studies directly examined whole aortic plaque burden by en face analysis. The results reported here clearly demonstrate the aortic arch-specific effects of IL-17A/IL-17RA, and at least partially shed light on the controversy of reported effects of IL-17A/IL-17R A blockade during atherogenesis.
Th17 cells play an important role in the immune response, and are major contributors to autoimmune diseases such as multiple sclerosis, inflammatory bowel disease, and arthritis. 5 There are several pathways by which IL-17A-producing T cells might affect local inflammation. IL-17A supports the production of IL-6 and IL-8, and the chemokines CCL5, CCL2, CXCL1, and CXCL10 in several cell types, including endothelial and vascular smooth muscle cells (VSMCs), 33, 34 fibroblasts, and epithelial cells. 6, 20 The results reported here clearly demonstrate that the IL-17A/IL-17RA axis affects the expression of multiple aortic chemokines, including Ccl2, Ccl20, Cx3cl1, Cxcl1, Cxcl12, Cxcl2, and Cxcl5, thus accelerating leukocyte recruitment to atherosclerotic vessels.
In support of this notion, we detected reduced numbers of T cells, CD68 ϩ Gr-1 Ϫ M⌽, CD68 ϩ Gr-1 ϩ myeloid cells, and CD68 Ϫ Gr-1 ϩ neutrophils in WD-fed Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ aortas at steady state conditions. Interestingly, the phenotype of reduced aortic M⌽ content was also reported when anti-IL-17A Abs were used to block IL-17A functions in vivo. 12, 16 Importantly, additional separate examination of the aortic arch and thoracoabdominal segments of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ , Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ , and Apoe Ϫ/Ϫ aortas by flow cytometry revealed diminished numbers of T cells, M⌽, and neutrophils specifically within the aortic arches of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ mice. Thus, these results clearly emphasize a distinct role for the IL-17A/IL-17RA axis in the regulation of the number of T and myeloid cells within the aortic arch, and to a lesser extent, the thoracoabdominal aorta. It is interesting to note that the reduction in leukocyte cellularity within the aortic arch was relatively smaller in comparison with the reduction in plaque burden, suggesting that other IL-17/IL-17RA-dependent factors in addition to the total cellularity are involved in atherogenesis.
Monocytes express IL-17RA, and recent data suggest that IL-17A can also directly affect monocyte chemotaxis in vivo and in vitro. 25 Antibody blockade of IL-17A in the synovial fluid of rheumatoid arthritis patients inhibited in vitro monocyte chemotaxis. 25 Lethally irradiated low-density lipoprotein receptor-deficient (Ldlr Ϫ/Ϫ ) mice reconstituted with IL-17RA-deficient bone marrow resulted in reduced aortic root lesions, neutrophil, and mast cell content in comparison with Il17ra ϩ/ϩ recipients, suggesting a potential role of IL-17RA on hematopoetic populations during atherogenesis. 27 Evidence has also demonstrated that vascular ECs 21 and SMCs 11,12,22 express IL-17RA, and are able to respond to IL-17A. To address the extent to which IL-17RA expression by vascular cells impacts IL-17A-induced adhesion to atherosclerotic aortas, we performed ex vivo adhesion assays. Supplementation of explanted aortas with rIL-17A strongly supported monocyte adherence in a manner that depended on vascular IL-17RA.
The recruitment of leukocytes into the aortas during the initial and established stages of atherosclerosis is one of the key components of the progression of atherosclerosis. To further establish the role of IL-17A in the regulation of leukocyte content in the aortas, we determined whether the IL-17A/IL-17RA axis affects the migration of monocytes and neutrophils to the aortas in short-term adoptive transfer experiments. We detected significant reductions of CFSE ϩ emigrated Apoe Ϫ/Ϫ monocytes and neutrophils within the aortas of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ recipients, highlighting an essential role of vascular IL-17RA in supporting myeloid cell migration. Of note, we found no difference in the migration of Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ and Apoe Ϫ/Ϫ monocytes and neutrophils to Apoe Ϫ/Ϫ aortas in the short-term homing experiments. These findings suggest that the reduction of monocyte and neutrophil content of the aorta in steady state conditions is due to impaired capacity of myeloid cells to migrate into atherosclerotic aortas in the absence of IL-17A or vascular IL-17RA. Interestingly, as studies involving chemokine or chemokine receptor-deficient mice display distinct anatomic alterations in atherosclerotic plaque formation, the overt phenotype of Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice can be partially attributed to the regulation of multiple aortic chemokines by IL-17A.
While several studies have suggested a proatherogenic role of IL-17A on the basis of neutralizing strategies 12, 13, 16 and bone marrow transfers, 27 Taleb et al 4 32 Although initial in vitro differentiation assays have implicated cross-regulation of Th17 cell differentiation by Th1 cells, 5 recent data have shown that Th17 cells are induced in parallel to Th1 cells in some pathological conditions. 3 Indeed, while Th1 cells represent the major T helper subset in atherosclerosis, Th17, Th1, and Th1/Th17 cells are present in both murine and human atherosclerotic arteries. 3, [11] [12] [13] Therefore, we tested whether the deficiency of IL-17A or IL-17RA would alter the Th1 response during atherogenesis. While the percentage and number of splenic and peripheral blood Th1 cells were unaltered, the numbers of aortic Th1 cells were diminished within Il17a Ϫ/Ϫ Apoe Ϫ/Ϫ and Il17ra Ϫ/Ϫ Apoe Ϫ/Ϫ mice. These data indicate that the deficiency of IL-17A or IL-17RA has no effect on the generation and maintenance of Th1 cells in atherosclerosis. Altogether, our data suggest that while the IL-17A/IL-17RA axis does not affect the percentage of Th1 cells, it does influence the number of aortic T cells and, therefore, the total levels of T cell-derived IFN␥.
In summary, using IL-17A-and IL-17RA-deficient Apoe Ϫ/Ϫ mice, we demonstrate that the IL-17A/IL-17RA pathway plays a proinflammatory role during atherogenesis preferentially within the aortic arch. During atherogenesis, Th17 and other IL-17A-producing cells accumulate within the aortas and release IL-17A, which in turn induces the production of TNF␣ and various chemokines, resulting in accelerated monocyte and neutrophil homing and further development of atherosclerosis preferentially within the aortic arch of the aorta.
